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ABSTRACT

We have investigated cutting and N management strategies
for two biofuel feedstock candidate species -- switchgrass
(Panicum virgatum) and weeping lovegrass (Eragrostis
curvula). Each was no-till planted in 1987 at three sites
underlain by Davidson or Cecil soils. Three N levels (0, 50,
or i00 kg/ha) were applied, and the plots fertilized at each
level were harvested either twice (early-September and early-
November) or only in early-November. The results with
lovegrass suggest 50 kg N/ha is nearly optimal and that two
cuttings provide more biomass than one.

For switchgrass, when averaged across sites and years,
50 kg N/ha produced a slight yield advantage over no added N,
but 50 kg was not different from i00 kg. In 1989 and 1990,
more biomass was available in early-September harvests (9.6
Mg/ha) than in early-November (8.3 Mg/ ha). Apparently the
plants translocated significant portions of their biomass
below ground during the last few weeks of the season. In
1991, we harvested only in early-November. Plots that had
been cut in early-September in the previous three years had
lower yields (7.6 Mg/ha) than those that had been cut only in
early-November (9.4 Mg/ha). The delayed cutting permitted
more growth on a sustained basis -- presumably because of

. conservation of translocatable materials. This poses an
interesting dilemma for the producer of biomass.

" In additional studies, we found no advantage in double-
cropping rye (Secale cel _ale) with switchgrass; at low input
levels, rye yields were low, and rye lowered switchgrass
yields. Other studies showed double-cropping with winter-
annual legumes such as crimson clover (Trifolium incarnatum)
may have potential. The timing of herbicide treatment of the
legume is critical.

*_****

Parrish, D. J., D. D. Wolf, and W. L. Daniels. 1993.
Perennial Species for Optimal Production of Herbaceous
Biomass in the Piedmont (Management Study), Final Report,
1987-1991. ORNL/Sub/85-27413/7. Oak Ridge National
Laboratory, Oak Ridge, Tennessee.
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CHAPTER ONE

INTRODUCTION AND OVERVIEW

Mankind's great mobility currently relies upon liquid
fuels processed from fossil energy supplies. Petrofuels are
being depleted, however, and the return of their fossilized

carbon to the atmosphere appears to have climate-altering
consequences (Kerr, 1988). Commerce needs a renewable
liquid-fuel source, ideally one that recycles carbon.
Energy-cropping, the production of biomass for conversion to
liquid fuels, may help respond to both needs.

But, can energy-cropping compete economically with other
agricultural enterprises? Perhaps more importantly, can
large-scale energy-cropping occur without taking prime
agricultural land out of food, feed, and fiber production
(Ei-Hinnawi, 1981; Hall, 1979; USDOE, 1979)? If marginal
agricultural land, which is economically or environmentally
unsuitable for row-cropping, were used for energy-cropping,
the answer to both of these critical questions could be
"yes". Energy-cropped land probably cannot provide a high
return to its owner, but marginal land often is not providing

return. Rather, it is idle or producing at such low
levels that it is uneconomic; and, by definition, marginal
land is not in prime competition for production of food,
feed, and fiber crops.

Many users of land that is marginally productive must
still earn a living from that land. In this predicament,
they often resort to unsound cropping practices. The
severely eroded slopes that characterize much of the Piedmont

of North America are one example of the consequences of being
forced to subsist on marginal land. Much of the lower
Piedmont was cleared and cultivated by 1800; and, by 1900,
most of its rich topsoil was eroded away, leaving exposed the
clayey, acidic, and frequently rocky subsoil (Trimble, 1974).
Consequent declines in productivity, along with the
Depression of the early 1930s, finally halted the intensive
cultivation of much of the Piedmont. The majority of the
land has now returned to forest, but tens of thousands of

hectares remain cleared. This marginal land, too steep for
row cropping and not in managed forests, might be made
productive again through energy-cropping.

We do not propose that energy-cropping on marginal
agricultural land might be a total solution to regional or
global energy problems. Sunlight is diffuse, and
photosynthesis is not efficient in conversion of light energy

- to chemical energy, especially in temperate areas (Braunstein



et al., 1981; Hall, 1979). But photosynthetic energy storage
is the only renewable energy technology currently deployed on
a large scale (EI-Hinnawi, 1981). Energy-cropping, therefore,
demands careful consideration (Hills et al., 1981; Linden et
al., 1984; Parrish et al., 1985; Wedin and Helsel, 1980). If
suitable energy crops and practices can be found, marginal
agricultural land could be made energetically and
economically productive; and the renewable fuels produced
could reduce pressure on dwindling, nonrenewable sources and
on atmospheric/climatic changes.

This project was initiated under the Herbaceous Energy
Crops Program (HECP), which is now a part of the Biofuels
Feedstock Development Program. The HECP, as initially
conceived, sought to identify nonwoody species that can
produce biomass cost-effectively when grown on marginal land.
Our objective, as one component of the HECP, was to look
specifically at marginal sites in the Piedmont and to
identify those species and methods that might make energy-
cropping practical there. This overall objective was
addressed in a series of related tasks, each subsumed under
a specific objective. The seven objectives of the 5-year
project formally approved for study at Virginia Tech were:

One: Define the soil morphological, chemical,
physical, and mineralogical parameters that
characterize marginally productive (6 to 12% slope)
sites underlain by three major Piedmont soil types
(Appling, Cecil, and Davidson).

Two : Examine a select group of herbaceous
perennials for biomass yield on Appling, Cecil, and
Davidson soils on slopes of 6 to 12% in the
Virginia Piedmont.

Three: Document economics of production and
harvesting of each energy crop candidate species on
each soil type identified.

Four: Consider the effect of biomass production on
annual runoff and annual sediment yield as
determined by the Universal Soil Loss Equation.

Five: Identify soil/site factors most likely to be
limiting productivity on the three soil types from
Objective One and relate these factors to soil/crop
management requirements for a range of Piedmont
soils.



Six : Develop management procedures for most
. economic biomass production on each type of soil.

Seven: Investigate potential yield-limiting
. processes (e.g. seed dormancy, photosynthesis, and

water use efficiency) of warm-season grass biomass
candidates.

Objectives One, Two, and Five were addressed in a major
Screening Study, which investigated marginal soils/sites and
candidate biomass species. Objectives Three (economics) and
Four (erosion) were developed using data obtained in the
Screening Study (Vaughan et al., 1989). Objective Seven
(physiology) was distinct from the Screening Study, but
followed logically from its early findings. Findings from
each of these objectives were reported to the Contractor in
1990 (Parrish et al., 1990).

This report focuses solely on the work associated with
Objective Six (management). Initial phases of our
"Management Study" have been previously reported (Parrish et
al., 1990), but this report will cover the entire span of the
research on Objective Six (1987 to 1991). The Management
Study dealt with two species, switchgrass (Panicum virqatum)
and weeping lovegrass (Eraqrostis curvula), which emerged as

. the most promising candidates from Objective Two's Screening
Study.

A nitrogen-management component of Objective Six was
addressed in two ways. In one, we looked at the effect of
adding synthetic fertilizer nitrogen at various rates. We
simultaneously looked for possible effects of cutting
date/frequency. Those results are reported in Chapter Two.
We also looked at the possibility of using winter-annual
legumes as a nitrogen source for switchgrass. We eventually
tried four different double-cropped legumes. In the context
of double-cropping, we also looked at winter rye planted into
the stubble of harvested switchgrass. The results of these
double-cropping research efforts are reported in Chapter
Three. Chapter Four presents a general summation and
conclusions.
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CHAPTER TWO

HARVEST AND NITROGEN MANAGEMENT FOR SWITCHGRASS
AND WEEPING LOVEGRASS PRODUCED AS ENERGY CROPS

Objective Six of Virginia Tech's HECP project dealt with
management techniques to improve productivity of two biomass
candidates, switchgrass and lovegrass. What practices might
a grower use to increase yield and reduce costs of production
of these crops? We focused in the Management Study on two
areas: N fertility and cutting frequency. Nitrogen
fertilizer is relatively expensive, and it poses some threat
to surface and ground waters. Therefore, we tested various
rates of applied N to see what levels might maximize yield.

MATERIALS AND METHODS

The Management Study was begun in 1987. Plantings of
"Cave-in-Rock" switchgrass and "Common" weeping lovegrass
were made in June of that year at each of the four locations
used in the Screening Study (Fig. 2-1). Two of the sites
(Cecil-North and Davidson) produced strong stands of both
grasses. The remaining two (Cecil-South and Appling) were
overtaken by crabgrass (Diqitaria sinqularis). The extent of
the failure at the latter two sites was such that we

replanted in May 1988. Those second plantings were
moderately successful; but we eventually chose to abandon the
Appling site and the lovegrass plantings on the Cecil-South
site. This does not represent a serious difficulty for the
overall study, since we eventually obtained three full
growing seasons' data on both species in the Management Study
from two sites and two season's data for switchgrass from a
third site. The difficulty in establishment of lovegrass
raises some questions about lovegrass' viability as a no-
tillable biomass candidate, however.

In the Management Study, we looked factorially at three
different N fertilization rates and two different cutting
dates as ways of increasing biomass production of switchgrass
and lovegrass. The fertilization treatments of 0, 50, and
I00 kg N/ha were imposed in early-June of each year except
1991. Harvests of the Management Study were scheduled in
early-September and/or early-November, i.e., we took two cuts
(S&ptember and November) or only one cut (November). We
obtained essentially no regrowth of switchgrass following a
September cutting; thus, no second cut was made. On the
other hand, lovegrass did provide some regrowth (except in
1990), although perhaps not enough to be economically
harvested. Therefore, we report "early" (September) and

- "late" (November) harvest yields for switchgrass (and



b
Figure 2-1. Map showing sites for biomass management

study in the Virginia Piedmont, 1987-1991.



lovegrass in 1990) and one- or two-cut yields for lovegrass
in 1988 and 1989.

In 1991, we did not fertilize with N, and we made only
- one harvest -- after the top-growth of each species was

killed by a freeze. This approach allowed us to determine
whether there were "residual" effects of N fertilization and
of the two different harvesting regimes, i.e.F did
early/multiple harvests perhaps "weaken" the stand? (In
other studies, we and others have observed that cutting date
and frequency affect performance in subsequent years.)

RESULTS AND DISCUSSION

In 1988, neither of the species was very responsive to
N fertilization on the different study sites. It would
appear that 50 kg N/ha was near optimal for both species on
the Cecil soil, and that N was of no benefit on the Davidson
soil (Table 2-1). The Davidson site was obviously more
productive in 1988 than was the Cecil-North site (as it was
in the Screening Study also). There were significant
differences between the harvest regimes for lovegrass but not
switchgrass.

Table 2-1. Seasonal biomass yields (1988) of switchgrass and
weeping lovegrass fertilized at three different N rates.
Lovegrass was cut either once (early-November) or twice
(early-September and early-November). Switchgrass was cut
once, either early (early-September) or late (early-
November). Sites were located on Davidson soils in Orange
County, VA, and on Cecil soils in Amelia County, VA.

Switchgrass Loveqrass
Soil/Site N Applied Early Late Two-Cut One-Cut

kg/ha .... Mg/ha--

Davidson 0 13.0a* 12.3a 14.4ab i0.6c
50 13.3a ll.9a 15.1ab i0.2c

i00 13.1a ll.7a 16•3a 13.1b

Cecil-N 0 6.3b 8.3ab 5.9c 5.7c
50 9.3a 10.5a 8.3ab 7.3b

i00 9.0a 8.6ab 9.3a 7.6b

*Means within a site and species followed by the same letter
are not different at 0.05 level.



In the 1989 N fertilization/cutting frequency study, we

obtained somewhat different results than in 1988 (Table 2-2).
There appeared to be no advantage to multiple harvests of

lovegrass; but we did obtain a response to N on all sites.

We saw a response that seemed to be optimal at around 50 kg

N/ha. That is an encouragingly low rate from an

environmental and an economic standpoint. Switchgrass

continued to show no response to N on the Davidson site, but

it did show a 50 kg/ha optimum on both Cecil sites.

Table 2-2. Seasonal biomass yields (1989) of switchgrass and

weeping lovegrass fertilized at three different N rates.

Lovegrass was cut either once (early-November) or twice

(early-September and early-November). Switchgrass was cut

once, either early (early-September) or late (early-

November). Sites were located on Davidson soils in Orange
County, VA, and on Cecil soils in Amelia County, VA

Switchqrass Loveqrass

Soil/Site N Applied Early Late Two-Cut One-Cut

kg/ha ............... Mg/ha ---
I

Davidson 0 8.9a* 6.9b 9.2c 9.4bc

50 9.8a 6.9b ll.4ab 13.1a

i00 9.1a 7.0b 12.8a ll.7a

Cecil-N 0 6.2b 6.2b 6.9c 8.8b

50 10.0a 6.4b 8.9b 9.2ab

i00 9.6a 6.7b 9.6ab 10.Sa

Cecil-S 0 7.4bc 6.0c - -

50 9.8a 8.4ab - -

i00 9.1ab 10.la - -

*Means within a site and species followed by the same letter
are not different at 0.05 level.

In 1989, cutting management produced switchgrass results

that differed from the earlier year. The early cut provided

equivalent or superior yields. In 1988 (Table 2-1), the late

harvests of switchgrass tended to be superior to a cutting

made two months earlier. We conclude that relatively little
growth was made by switchgrass or lovegrass in the last month

or two of the '°gr,wing season".



In 1990, we again found only moderate N responses (Table
. 2-3); 50 kg N/ha appeared to be optimal for both species,

except that there was still no positive effect of even 50 kg
N for switchgrass on the Davidson site. Late cutting again
proved to be of little value in boosting biomass yields.

Table 2-3. Seasonal biomass yields (1990) of switchgrass and
weeping lovegrass fertilized at three different N rates.
Each was cut once, either early (early-September) or late
(early-November). Sites were located on Davidson soils in
Orange County, VA, and on Cecil soils in Amelia County, VA.

Switchgrass Lovegrass
Soil/Site N Applied Early Late Early Late

kg/ha -- Mg/ha

Davidson 0 12.7a* ll. Oab 6.1cd 5.5d
50 ll.6ab 9.6b 9.0ab 7.7abc

i00 ll.lab 10.3ab 7.1bcd 8.6ab

Cecil_N 0 6.3c 9.2b 3.0b 5.3a
50 ll.0ab 9.4b 6.6a 6.4a

i00 12.2a 9.8b 6.7a 6.7a

Cecil-S 0 6.3c 4.8c - -
50 lO.5ab 9.6ab - -

i00 ll.3a lO.5ab - -

*Means within a site and species followed by the same letter
are not different at 0.05 level.

Three key points emerge from the 1991 data in Table 2-4.
(I) Both switchgrass and weeping lovegrass were responsive to
N across cutting managements and sites/soils. The I00 kg N
rate, which tended to produce the highest yields, was not
significantly greater than 50 kg. (2) Early/multiple cuts
tended to reduce the yield of both species within any level
of N fertilization. There were some soil/site differences in
these trends; switchgrass was equally productive at all N
levels on the Davidson site when it was cut only at the end
of the season, and twice-cut lovegrass was not less
productive than one-cut within any N level on the Cecil site.
(3) Productivity of both species varied with site; the
Davidson site was more productive than either Cecil site.



Table 2-4. Biomass yields (1991) of switchgrass and weeping
lovegrass following 2 (Cecil-S) or 3 (Davidson and Cecil-N)
years of management with three different N rates and two
different cutting regimes. Sites were located on Davidson
soils in Orange County, VA, and Cecil soils in Amelia County,
VA. In this season, all plots were harvested only once (in
November) and no fertilizer was added.

Switchqrass Lovegrass
Soil/Site N Applled Early Late Two-Cut One-Cut

kg/ha ---Mg/ha

Davidson 0 8.3c* ll.lab 6.6c 7.2c
50 9.6bc ll.7ab 8.5bc 9.7ab

i00 ll.2ab 12.0a 8.4bc ll.2a

Cecil-N 0 4.4c 8.2b 5.2c 6.9bc
50 8.4b 9.5ab 8o7ab 7.2bc

I00 8.2b 10.5a 10.4a 8.5ab

Cecil-S 0 4.4d 5.4c - -
50 6.5bc 8.0a - -

i00 7.3ab 8.1a - -

*Means within a site and species followed by the same letter
are not different at 0.05 level.

Tables 2-1 through 2-4 present each year, site, and main
effect (N rate and cutting date) as though they were
interacting and therefore needed to be considered separately.
This was, in fact, not the case. We tested the numerous

possible interactions and found that lovegrass behaved rather
uniformly across sites and years and within N rates and
cutting management. The primary exception was some year-to-
year differences in response to cutting management at the
Davidson site.

More interactions were evident for switchgrass. Because
of DOE's interest in this species, we are presenting the data
for switchgrass in a somewhat more d_tailed and slightly
different format in Tables 2-5 and 2-6. Each permits
comparisons by pooling across main effects wherever they do
not interact. For example, in 1991, there were no
significant two-way interactions. Therefore, we can

i0



generalize with more confidence about the main effects of N
. fertilization and cutting date, and we can distinguish

statistically between sites. In some cases, "trends" in the
disaggregated analyses become statistically significant

. differences.

The summarizations of switchgrass yield responses in
Tables 2-5 and 2-6 serve to reinforce and emphasize the
observations already made. Most notable are a modest N
response, reduced or equivalent yields with a late-fall
(versus early-fall) harvest, and yield variations from site
to site and year to year.

CONCLUSIONS

Taken together (and combined with findings from the
Screening Study), these data suggest that (I) swLtchgrass is
equivalent or superior to lovegrass as a biomass producer on
the sites/soils tested, (2) 50 kg N/ha may be near optimal
for maximizing switchgrass production on these marginal
sites, (3) multiple harvests taken in early-September and
thereafter do not add significantly to yields, (4) early-
September harvests may reduce productivity in subsequent
years, and (5) switchgrass yields are quite variable from
year to year within a site and from site to site within a
year. We will have somewhat more to say about these points
in Chapter Four.

Ii



Table 2-5. Biomass yields (1988 through 1990) of switchgrass

fertilized with three rates of N and cut either early (early-

September) or late (early-November). Sites were located on

Davidson soils in Orange County, VA, or on Cecil soils in

Amelia County, VA.

Cutting N applied (kq/ha)

Year Soil/Site management 0 50 i00 Avg.

........... Mg/ha

1988 Davidson Early 13.0 13.3 13.1 13.1a
Late 12.3 11.9 11.7 12o0a

Avg. 12.6A* 12.6A 12.4A -

Cecil-N Early 6.3 9.3 9.0 8.2a
Late 8.3 10.5 8.6 9.2a

Avg. 7.1B 9.9A 8.7AB -

1989 Davidson Early 8.9 9.8 9.1 9.2a
Late 6.9 6.9 7.0 6.9b

Avg. 7.8A 8.3A 8.0A -

Cecil-N Early 6.2b 10.0a 9.6a -
Late 6.2b 6.4b 6.7b -

Cecil-S Early 7.4 9.8 9.1 8.8a
Late 6.0 8.4 i0.i 8.2a

Avg. 6.7B 9.1A 9.6A -

1990 Davidson Early 12.7 11.6 ii.i ll. Sa
Late ii.0 9.6 10.3 10.3b

Avg. II.SA 10.6A 10.7A -

Cecil-N Early 6.3c ll.0ab 12.2a -
Late 9.2b 9.4b 9.8b -

Cecil-S Early 6.3 10.5 11.3 9.4a
Late 4.8 9.6 10.5 8.3a

Avg. 5.5B 10.0A 10.9A -

*Means within a site and year followed by the same letter are
not different at 0.05 level.

12



Table 2-6. Biomass yields (1991) of switchgrass following 2

(Cecil-S) or 3 (Davidson and Cecil-N) years of management
with three different N rates and two different cutting

regimes. Early regime had been cut in previous years in

early September, and the late regime had been cut in early
November. In 1991, all plots were harvested only in
November.

Cuttinq reqime

Soil/Site N applied Early Late Avg.

kg/ha --Mg/ha

Davidson 0 8.3b ll.2a 9.7a

50 9.6ab ll.7a 10.7a

I00 ll.2a 12.0a ll.6a

Avg. 9.7B* II.6A -

Cecil-N 0 4.4 8.2 6.3b
50 8.5 9.5 9.0a

i00 8.2 10.5 9.3a

Avg. 7.0B 9.4A

Cecil-S 0 4.4 5.4 4.9b

50 6.5 8.0 7.3a

" i00 7.3 8.1 7.7a

Avg. 6.1B 7.2A -

Pooled 0 5.8 8.2 7.0b

50 8.2 9.8 9.0a

i00 9.0 10.2 9.6a

Avg. 7.6B 9.4A -

Davidson pooled 9.7 11.6 10.7a

Cecil-N pooled 7.0 9.4 8.2b

Cecil-S pooled 6.1 7.2 6.6c

Average 7.6B 9.4A -

*Means within a site followed by the same letter are not
different at 0.05 level.
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CHAPTER THREE

DOUBLE-CROPPING WITH RYE AND WINTER-ANNUAL
LEGUMES IN A SWITCHGRASS BIOMASS PRODUCTION SYSTEM

As part of the Management Study, we considered the
feasibility of double crops. We do not suppose that
switchgrass or lovegrass can remain perennially productive
without N additions, but they might be able to obtain their
N needs from a winter-annual legume inserted into the
biomass-production system. Many winter annuals can complete
their life cycle within the "window" provided by the dormant
period of the warm-season perennials, i.e., early-fall to
mid-spring. We report here some findings with this approach
as well as double-cropping with rye (Secale cereale).

MATERIALS AND METHODS

This study was part of the overall Management Study,
which was described in Chapter Two. Beginning in fall 1988,
four winter-annual crops were no-till planted into the
stubble of switchgrass that had been harvested in late-
August/early-September. In addition to the small grain
("Abruzzi" rye), we planted crimson clover (Trifolium
incarnatum), arrowleaf clover (Trifol!um hastata), and hairy

° vetch (Vicia v_llosa). Because of poor winter survival by
arrowleaf clover in the first two seasons, we substituted
alfalfa (Medicago sativa) for arrowleaf in fall 1990.

The rye was fall-fertilized with 40 kg N/ha and was
harvested in mid-May, when it was heading. At the same time,
the winter-annual legumes were killed by spraying with 2,4-
dichlorophenoxyacetic acid (2,4-D), permitting switchgrass to
grow without further competition. Because the hairy vetch
appeared to be causing significant competition for early
growth of the switchgrass, we moved the 2,4-D kill date to
earlier in May in succeeding years. At time of spraying, we
sampled quadrates from each plot to determine the biomass
present. We did not harvest the killed legumes; they were
allowed to decompose in place. Rye-producing plots received
50 kg N/ha in June.

RESULTS AND DISCUSSION

We harvested quadrates from each legume-containing plot
in May 1989 just before spraying with 2,4-D to kill the

. legumes. The spring composition of stands and the spring
biomass (Table 3-1) revealed switchgrass was the dominant
species even in early May. Hairy vetch was the most vigorous
legume at the time of killing. In fact, it appeared to
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overly dominate those plots into which it was interseeded.
Arrowleaf clover did not provide as much biomass as the other
two legumes. Crimson clover visual_.y seemed to represent a
good compromise between too little legume (too little N) and
too much legume (smothering the switchgrass).

Table 3-1. Botanical composition (legume biomass as a
percentage of total biomass) and biomass in switchgrass plots
interplanted with winter-annual legumes at two sites in the
Virginia Pied_nont and measured in May 1989.

Botanical

Species Composition Biomass

% of total Mg/ha

Crimson clover 36 1.9
Arrowleaf clover 12 0.5

Hairy vetch 46 2.4

Fall yields of switchgrass biomass in plots that had the
winter-annual legumes and N treatments are shown in Table 3-
2. The responses varied between sites. On the Davidson
soils, crimson and arrowleaf clover intercropping resulted in
yields that were equivalent to all N treatments (including 0
N); but hairy vetch appeared to inhibit switchgrass yields.
The hairy vetch plots were visibly reduced in vigor
throughout the growing season, probably reflecting excessive
competition. The poor response to crimson clover
intercropping at the Cecil site was surprising, especially in
light of the opposite results on the Davidson site.

The 1989 rye spring yields and the subsequent fall
yields of switchgrass from the double-cropped plots are shown
in Table 3-3. It would appear that rye double-crops were not
economic; there was no increase in total biomass, perhaps
because switchgrass productivity was reduced by competition
from the rye.

Results of the 1989-90 double-cropping trial are shown
in Tables 3-4 through 3-6. Hairy vetch again produced the
most biomass, and arrowleaf was the least productive (Table
3-4). We had good stands of all of the legumes in the Fall.
(We counted ample seeding populations at 5 to 6 weeks after

planting each year of the study.) The poor productivity of
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some of the legumes appeared to be due to loss of seedlings
. over winter. Stand loss was perhaps partially due to

freezing injury, but we saw evidence that much seedling
damage resulted from depredation. We suspect slugs, insects,

. and/or some vertebrates may have seriously reduced legume
populations, especially for arrowleaf clover.

Table 3-2. Biomass of switchgrass grown on two sites in the
Virginia Piedmont following fertilization with three N rates
or three winter-annual legume cover crops. Harvests were
made in September 1989.

Soil/Site

Treatment Davidson Cecil-N

Mg/ha---

Crimson clover 9.8a* 6.5bc
Arrowleaf clover 9.8a 7.9b

Hairy vetch 7.6c 5.5c

0 kg N/ha 8.gabc 6.2bc
50 kg N/ha 9.8a 10.0a

I00 kg N/ha 9.1ab 9.6a

*Means within a column followed by same letter are not
different at 0.05 level.

In early September 1990, we again harvested the
switchgrass from the legume cover-crop plots as well as one
set of 0, 50, and i00 kg N/ha plots. The yields are reported
in Table 3-5. On the Davidson site, which was not N
responsive, hairy vetch appeared to reduce switchgrass
production. We feel the hairy vetch treatment was
detrimental because we failed to kill it early enough. On
the Cecil sites, we did see some evidence of a modest benefit
from the clovers. Hairy vetch, on the other hand, was again
detrimental probably because of residual effects from
switchgrass 1989 stand reductions (due to competition from

• hairy vetch in the spring). Results from the rye-switchgrass
double crop showed no double-cropping advantage (Table 3-6).
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Table 3-3. Yield of rye double-cropped with switchgrass
and yield of switchgrass following rye or single-cropped
when grown on two soils in the Virginia Piedmont, 1989.

Site/Soil

Harvest
Treatment Month Davidson Cecil-N

Mg/ha ....

Double crop

Rye May 2.1 2.3
Switchgrass Sept. 8.4 6.1

Total May & Sept. 10.5 8.4

Switchgrass alone Oct. 9.8 i0.0

Table 3-4. Biomass in switchgrass plots interplanted with
winter-annual legumes at three sites in the Virginia
Piedmont, May 1990.

Soil/Site

Species Davidson Cecil-N Cecil-S

............... Mg/ha .............

Crimson clover I. 1 2.6 I. 7
Arrowleaf clover 0.1 0.3 i. 2

Hairy vetch 3.1 2.0 3.5
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Table 3-5. Biomass of switchgrass grown on three sites in
the Virginia Piedmont following f_rtilization with three
rates of N or three winter-annual legume cover crops.
Harvests were made in September 1990.

Soil/Site

Treatment Davidson Cecil-N Cecil-S

....... Mg/ha

Crimson clover ll.7ab* 7.8b 9.1b
Arrowleaf clover ll.0ab 8.0b 7.2c

Hairy vetch 7.9c 5.0c 5.7c

0 kg/ha 12.7a 6.3bc 6.2c
50 kg/ha ll.6ab ll.0a 10.5ab

I00 kg/ha ll.lab 12.2a ll.3a

*Means within a column followed by same letter are not
different at 0.05 level.

Table 3-6. Yield of rye double-cropped with switchgrass
and yield of switchgrass following rye or single-cropped
when grown on three sites in the Virginia Piedmont, 1990.

Site/Soil
Harvest

Treatment Month Davidson Cecil-N Cecil-S

.......... Mg/ha ..........

Double crop

Rye May 3.6 0.2 0.2
Switchgrass Sept. 7.8 B.5 9.7

, Total May & Sept. 11.4 8.7 9.9

Switchgrass alone Oct. 11.6 ii.0 10.5
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Spring 1991 yields of the winter-annual crops are shown
in Table 3-7. No data are reported for alfalfa, because all
stands were essentially lost to winter injury or depredation.
The rye stands on both Cecil sites were also lost. We had
determined to fertilize rye with the prescribed 40 kg N/ha in
February, but apparently there was not sufficient N in the
soil to "carry" the rye to that point. The Davidson site was
more conducive to rye. In fact, 1990-91 proved to be one of
its better seasons (of the three tested). We might point out
that none of the rye yields reported in this study is
exceptional. In keeping with a low-input rationale, we used
less-than-optimal N rates for the winter-annual crop.

Table 3-7. Biomass of switchgrass plots interplanted with
winter-annual legumes or rye at three sites in the Virginia
Piedmont, April 1991.

Soil/Site

Species Davidson Ceci I-N Ceci l-S

-Mg/ha

Crimson clover 2.3 0.5 I.i
Hairy vetch 2.8 1.5 1.8 "
Rye 3.3 - -

Crimson clover productivity was quite variable across
the sites. Hairy vetch was again more productive than clover
at each of the sites. We feel that we killed the hairy vetch
before it provided significant competition to switchgrass in
1991, but the stands of switchgrass still appeared to be
reduced by the competition from hairy vetch in spring 1989.

Results of the 1991 double-cropping work cannot be
compared directly with the previous years' for four reasons.
(1) The double-cropped switchgrass harvests were not made in
September. Rather, the switchgrass accumulated to the end of
the season (early November) to look for "residual" effects of
double cropping. (2) We substituted alfalfa for the twice-

failed arrowleaf clover. The alfalfa double-crop was no more
successful, however. We obtained good seedling stands in
fall 1990, but the plots were essentially free of alfalfa in

" mid-April. The problem appeared to have been largely due to
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insect/slug damage. As a consequence, arrowleaf clover-

alfalfa double crops were in essence a second 0-N plot withind

each replication. (3) Rye was a complete failure on both

Cecil sites, but those plots did receive the 40 kg N/ha

- allocated for rye. (4) Nitrogen fertilization was not

supplied to "control" plots in 1991 (see Chapter 2).

The I_91 doubl_-crop- :esidual results are shown in Table

3-8. The most significant finding would appear to be that

double-cropping of winter-annual legumes provides essentially

no benefit when compared to 0 kg N/ha. The only exception

was for hairy vetch at Cecil-S, where it brought switchgrass
yields up to levels equivalent to 50 kg N/ha. The results

are surprising; crimson clover should have made substantial

amounts of N available to switchgrass without creating undue

spring competition. (Crimson clover did show benefit at some

sites in previous years.) The increase in yield of

switchgrass following hairy vetch at the Cecil-S site shows

the legumes have promise as N providers, but their management

is still problematic.

Table 3-8. Biomass of switchgrass grown on three sites in

the Virginia Piedmont following fertilization with three

rates of N, three winter-annual legume cover crops, or a rye
double crop. Harvests were made in November 1991.

Soil/Site

Treatment Davidson Cecil-N Cecil-S

Mg/ha

Crimson clover 8.2bc* 5.4b 4.7c

Arrowleaf/alfalfa ;_.2bc 5.3b 4.4c

Hairy vetch 5.3bc 4.3b 6.1b

0 kg N/ha_ 8.3bc 4.4b 4.4c

50 kg N/ha 9.6ab 8.4a 6.Sab

i00 kg N/ha ll.2a 8.2a 7.3a

Rye double crop 7.5c 5.3b 6.4ab

*Means within a column followed by the same letter are not
different at 0.05 level.
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CONCLUSIONS
b

In theory at least, winter-annual legumes should provide
a productive advantage to switchgrass receiving no synthetic
N fertilizer. In many other studies, where legume cover
crops have been used in rotations with corn (Zea mays), the
legumes have boosted corn yields significantly. Switchgrass
is a perennial, but its growing season is not very different
from corn's. If switchgrass is cut in early September (by
which time it has made essentially all of its growth for the
season), legumes can be readily planted into the stubble.
The winter-annual legumes typically produce some growth in
the fall, over-winter in a rosette stage, and develop rapidly
in the spring. We saw good development of two of the legumes
tested (crimson clover and hairy vetch), but we did not see
a consistent yield advantage for the following season's
switchgrass. The problem apparently stems from spring-time
competition between the rapidly growing legumes and the
early, low growth of the switchgrass.

Rye double crops, where the winter-annual rye is planted
into _witchgrass stubble and harvested for its biomass in
spring, did not appear to be a viable cropping system. We
obtained good early stands of rye, but winter survival and or
early spring growth was not very encouraging. The
switchgrass plots were likely rather N deficient. With a low
input philosophy, we did not fertilize the rye crop
sufficiently to maximize its production. We also had to
remove the rye before it made the bulk of its spring growth.
Alternatively, the switchgrass would likely have suffered
from competition. We suspect that competition occurred to
some u:_desirable degree in any event.
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CHAPTER FOUR

SUMMARY AND CONCLUSIONS

Virginia Tech has completed a four-year study of the
management of switchgrass and lovegrass for biomass
production. The findings suggest both species respond to N
fertilization, as would be expected; but each surprisingly
appeared to have an optimum of about 50 kg N/ha. On one of
the study sites (Davidson), the advantage of added N was not
apparent in switchgrass until the fourth year of the study.
Residual N within the soil profile presumably provided enough
of that critical nutrient to bring the plantings up to the
level of productivity dictated by the next most limiting
factor(s). We do not rule out the possibility that some
microbiological process(s) may have been providing N to
switchgrass at this site. Soil organisms (sans legumes) have
been shown to provide sufficient N for perennial growth of
some grasses in prairie ecosystems.

Evidence from the cutting frequency results (included
factorially in the two-species N-management study) suggests
multiple cuttings are not advantageous. In fact, they may
reduce yields. However, our study was designed to look at
harvests made relatively late in the growing season. We
chose the early-September dates, because that was the
appropriate time to cut to allow for planting of winter-
annual intercrops. These late-summer cuttings represented
the "control" for treatments including winter-annuals.

We can say with some certainty that late-summer harvests
of switchgrass do not allow for significant regrowth before
the end of the season. Lovegrass did produce some additional
biomass but probably not enough to be economically feasible
to harvest. The switchgrass plants left standing till
November produced more additional yield in 1988. In
succeeding years, however, there was a trend toward or a
significant reduction in yield when the switchgrass was left
standing. Nitrogen did not appear to be the factor limiting
regrowth, since there was no difference between 0 kg N/ha and
100 kg N/ha in this regard.

Our own work, as well as that of David Bransby at Auburn
University, suggests that two harvests of switchgrass may
boost yields if the first cut is made in early summer. In a
parallel study we did at the Davidson site (not part of the

. HECP work), we cut switchgrass in June and early-fall; yields
for the two cuts exceeded a single, early-fall harvest. We
conclude that proper cutting management may boost biomass
production by switchgrass, but improper management may reduce
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yields. More research is needed on timing of harvests.

This study on cutting frequency produced another finding
that may be of significance. In 1991, we made only one
harvest across all treatments; that was in late-fall after
top growth of both switchgrazss and lovegrass was killed by
freeze. The observations from all three sites suggested that
the early-cut system reduced switchgrass productivity in a
succeeding year. If switchgrass was cut in early-September,
it produced less biomass in the next year than when cut only
in early-November. The effect may have to do with removal of
top growth before it can translocate reserves back into
below-ground storage sites. Alternatively, it may be a
result of putting a "drain" or stress on the plants to
produce new growth in the fall, when they are normally moving
into a different physiological state. In any event, these
results suggest late-summer/early-fall cuts may be
disadvantageous. This has obvious implications for early-
fall planting of winter annuals. (We observed also, though,
that early-September cuttings sometimes provided more biomass
within the year than did end-of-season cuttings. This
presents an interesting "dilemma" for the potential biomass
producer.)

As regards the use of winter-annual legumes to
substitute for synthetic N fertilizer, we saw some evidence
of a positive effect. Although we did not attempt to measure
the actual N represented by the legume biomass, the
literature suggests it should have been the equivalent of 50
kg N/ha or more for both crimson clover and hairy vetch. In
most years and sites, switchgrass yields following the
legumes did not equal yields following 50 kg N/ha. In fact,
the yields following the legumes were sometimes less than
those in "control" plots receiving no N.

The lack of a switchgrass response to winter-annual
legumes may stem from competition between the two crops. In
the first spring (1989) following winter-annual plantings, we
undoubtedly delayed too long in killing the hairy vetch with
2,4-D. Hairy vetch has a vigorous, vining growth habit. It
was shading early growth of the switchgrass, and it perhaps
reduced availability of other factors such as nutrients
(including N) until the legume died and released nutrients
tied up in its biomass. We suppose there is little
competition for water, since the switchgrass roots can draw
on deeper soil moisture than the legumes can.

The timing of the 2,4-D application to the legumes is
probably crucial. If it is too early, insufficient N will
accumulate. If it is too late, the switchgrass may suffer.
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In the summer of 1989, it was easy to distinguish the hairy-
vetch-treatment plots from all others, because those plotsd

were distinctly less vigorous with more weeds. (Switchgrass
usually develops a thick stand that permits no weed

. encroachment.)

Double-cropping switchgrass with the winter-annual
legumes may have promise, but more work is needed in
selection of species as well as the timing of the broad-leaf
herbicide. Crimson clover seemed to provide the best match
phenologically and morphologically with switchgrass; and we
obtained consistently good stands; but it failed to
consistently boost switchgrass yields. Arrowleaf clover and
alfalfa are not promising because of difficulty in
maintaining stands. We have already described the
phenological and morphological "mismatch" between hairy vetch
and switchgrass. Other species, perhaps to include
perennials such as sericea lespedeza, may have promise for
double-cropping with switchgrass.

A rye crop can be grown in the "window" from switchgrass
harvest until spring. But the varieties of rye suitable for
Virginia's winters do not match well phenologically with
switchgrass. (Rye is the earliest of the winter-annual small
grains; it matures before either barley or wheat.) The
amount of rye biomass developed by late-April (when rye
should be removed to halt competition with the early growth
of switchgrass) is not sufficient to make its contribution to
total biomass production very economic. We suggest that 2 to
4 Mg/ha is the most that might reasonably be expected for an
annual average. Higher yields might be possible with
increased N and delayed cutting, but each of these strategies
has drawbacks.

The major conclusions from the four-year "Management
Study" are these: (i) switchgrass biomass production may be
optimized under our "marginal" conditions with about 50 kg
N/ha; (2) switchgrass makes little growth after being cut in
early-September, but earlier harvests may boost seasonal
totals; (3) winter-annual legumes must be managed carefully
if they are used to provide biologically fixed N for
switchgrass; (4) rye does not appear to be a very viable
double-crop with switchgrass; (5) lovegrass is essentially
equivalent to switchgrass under the conditions existing in
our study; (6) lovegrass yields and stand vigor appear to
decline after three or four years; (7) early-September

. harvests of both switchgrass and lovegrass may reduce biomass
production in succeeding years; and (8) within a year, there
appears to be a reduction in harvestable switchgrass biomass

o between early-September and the end of the season. Several
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of these findings hold promise for improved management of
switchgrass as a biofuels crop.
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